A theoretical model is proposed to illustrate the cooperative effect of nano-grain rotation and shearcoupled migration of grain boundaries on toughening of nanocrystalline materials. The toughening mechanism is embodied by an effective stress intensity factor near the tip of a mode I crack. The result shows a possibly effective toughening mechanism in nanocrystalline materials.
Introduction
Nanocrystalline (NC) materials usually possess superior strength and hardness but low ductility and toughness as compared with their coarse-grained counterparts due to the inhibition of the conventional dislocation slip in nano-grains [1] . Recently, some NC samples with extraordinary ductility were successfully fabricated [2, 3] . Their outstanding mechanical behaviors were attributed to stress-driven nano-grain growth.
Extensive experimental and theoretical studies as well as many molecular dynamics (MD) simulations have shown that shearcoupled migration (SCM) of grain boundaries (GBs) and nanograin rotation (NGR) are two main modes of nano-grain growth behavior in both bicrystals and nano-polycrystallines [4] [5] [6] [7] [8] [9] [10] [11] . For example, the MD and phase field crystal simulations studies of Trautt et al. have clearly shown that SCM exists for both symmetrical and asymmetrical GBs [7] . The above coupled motion was further observed in their experiments for Al bicrystals by Gorkaya et al. [8, 9] . Moreover, there exists a critical misorientation parameter that represents the crossover from SCM to NGR [12] . Recent studies in experiments and MD simulations as well as mesoscale simulations showed that the two modes were intricately interplayed [4, [13] [14] [15] [16] . For example, Gorkaya et al. have successfully discovered a coupling behavior between SCM and rotation in high purity Al bicrystals due to the twist component of the boundary in their experiments [15] . In the MD simulations of an isolated cylindrical grain in copper, Trautt and Mishin disclosed a dislocation propagation mechanism by a chain of dislocation reactions along the curved GB in order to account for the cooperation of the migration process and grain rotation [16] . In addition, a molecular static simulation conducted by Sansoz and Dupont [17] for a 7 nm grain size nanocrystalline Al thin film under indentation at absolute zero (0 K) has demonstrated the following coupling behavior of the two modes, i.e., under an externally applied load, NGR occurs first, which leads to a decrease of misorientation parameter θ 0 , subsequently, SCM appears. This coupling behavior has also been predicted by the theoretical model proposed by Li et al. [12] . However, the detailed coupling mechanisms are complicated due to the multiplicity of the grain boundary structures and therefore remain unclear. A new physical model of plastic deformation is proposed in this letter to describe the cooperative process of nano-grain rotation and shear-coupled grain boundary migration as a new and effective toughening mechanism.
Model description
Consider the structural transformations associated with the cooperative process in a deformed elastically isotropic NC specimen. A mode I crack is assumed to form in the NC material under a remote tensile stress s and for simplicity, the crack tip is assumed to locate at the center of a grain boundary 'AB' as shown in Fig. 1b . The grain boundary 'AB' is modeled as a finite wall of dislocations with identical Burgers vector b in Fig. 1c [18] , which is characterized by a tilted misorientation parameter θ 0 and the number of grain boundary dislocations n 0 . Grains G1 and G2 rotate due to a sufficiently high stress induced by the crack, accompanying with the climb and dissociation of grain boundary dislocations, which results in a disclination dipole with an arm d and strength 7ω 0 ¼ ðnb=dÞ at the grain boundary 'AB' [12] , as observed in experiments [19] (Fig. 1d) . n is the number of dissociated GB dislocations during NGR, which stands for the level of rotation. As a result of rotation, the misorientation parameter is reduced from θ 0 to θ n , following a stimulated SCM process [20] . In the SCM process, the grain boundary 'AB' migrates with a normal distance m and a tangential translation s due to the shear deformation as shown in Fig. 1e . A coupling factor β is introduced to define the ratio of s to m, β ¼ s=m [5] . As a result, two disclination dipoles are generated during the combining process; one is AB with strength 7 ω 1 ¼ 7θ 0 and the other is A 0 B 0 with 7ω 2 ¼ 7 ðθ 0 À nb=dÞ as shown in Fig. 1e . In order to consider the effect of two disclination dipoles on the fracture toughness of the nanocrystalline specimen, the criterion of a mode I brittle crack growth that is based on the balance between the energy release rate and the energy needed by a new free surface formation [21] is modified as follows:
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where
Here K s I is the stress intensity factor of mode I induced by the applied load s; G is the shear modulus and υ the Poisson ratio; γ e is an effective surface energy. γ e ¼ γ and γ e ¼ γ À γ b =2 for cases of crack propagating in a grain interior and along a grain boundary, respectively, where γ is the specific surface energy and γ b the grain boundary energy; k q I and k q II are stress intensity factors generated by the locally disclination dipoles.
In the present model, the effect of a locally plastic flow on crack growth is accounted for by introducing an effective stress intensity factor K e IC . Comparing the present model to that of brittle crack propagation, the critical condition for crack growth can be presented as: K 
is the brittle fracture toughness of a disclination-free state. k
. Following [22] , the quantities k q I and k q II can be expressed as 
Results and discussion
The cooperative effect of NGR and SCM on the critical stress intensity factor K e IC is predicted for a nanocrystalline Al sample, where the parameters are taken as G ¼27 GPa [23] , υ ¼0.34 [23] , γ ¼ 0:56 J m À 2 [24] , γ b ¼ γ=2 [24] and b % 0:25 nm. The other parameters are set as m ¼1.5 nm, α ¼ Àπ=2. The case of a grain boundary crack is considered since cracks in a NC material were found to tend to nucleate and propagate along grain boundaries. and G2 rotate through GB dislocations climb, resulting in a disclination dipole with strength 7 ω 0 (small triangles); and (e) following rotation, the motion of 'AB' generates two disclination dipoles with strength 7 ω 1 and 7 ω 2 .
Conclusions
In summary, a new physical model of plastic deformation is proposed based on the combination of two main nano-grain growth modes, i.e., nano-grain rotation and shear-coupled migration of grain boundaries. The cooperative behavior is demonstrated as a very effective toughening mechanism for nanocrystalline materials. Since both the coupling factor and misorientation parameter are governed by the specific structure of grain boundaries, it is possible to achieve an optimal balance between strength and toughness of a nanocrystalline material through grain boundary engineering. 
